The relative photoemission intensity from the Ag 4d valence band (VB) was studied as a function of photon energy using 32 -250 eV synchrotron radiation. A sharp decrease in intensity of more than an order of magnitude was observed in the range 100 eV < hw < 140 eV. At hw = 140 eV the 4d cross-section exhibits a minimum which is attributed to the radial node in the 4d wavefunction. High resolution VB spectra were obtained in the energy ra~ge 60 eV ~ hw ~ 150 eV. For 110 eV ~ hw ~ 130 eV the relative heights of the two prominent valence band peaks are inverted. This modulation is attributed to the strong variation of the atomic Ag 4d photoelectric cross section in this energy range.
I. INTRODUCTION
The,potential of synchrotron radiation for,photoemission studies of solids has long been recognized. So far, hO\1ever, most:,studies have been restricted to the p~oton energy range hw < 100 eV. 1 . The Stanford Synchrotron Radiation Project (SSRP),2 on the storage ,ring.
SPEAR at the Stanford Linear Accelerator (SLAC), is uniqyelycapable of producing variable-energy photon beams of energies up to 250 eV , in sufficient intensity and resolution for photoemission spectroscopy.
Here we report a study of the valence band of Ag(4d) in the photon energy range 32 -250 eV.
The present report may be regarded as a continuation of an earlier
paper on po1ycrysta11ine Cu,3. (hereafter referred tp as I). The main emphasis of I was the study of cross-section effects whi,ch arise from the details of ~he initia1-and final-state band structure and the transition matrix element. While such "band-structure-type" crosssection effects are also anticipated for Ag, an additional "atomictype" cross section effect may be expected. The latter arises from the . . ~ radial node i~ the Ag 4d wavefunction. It is known from atomic calcu1ations 4 that so-called "Coo~er minima,,5,6 exist in the cross section for initial state wavefunctions which exhibit ~ ~adial node. In such cases the cross section may vary strongly over a small energy range.
, l
One objective of the present paper is to investigate whether such effects can be observed in photoemi ss i on from the Ag valence ba~.d.
Two different kinds of measurements are reported. First ~e investigate the variation of the effective total photoelec~ron intensity from the 4d valence band in the photon energy range 32 eV ~ hw ~ 250 eV.
-2-Secondly, we report high resolution VB spectra in the energy range 60 eV ~ hw ~ 150 eVe The two sets of results are then combined and interpretated to deduce how the detailed shape of the VB is affected by atomic-type cross section effects.
II. EXPERIMENTS
Experiments were performed using synchrotron radiation from the storage ring SPEAR at SLAC. 2 The incident monochromatic 7 light was focused onto the silver samples which were positioned in the focal point of a double-pass cylindrical mirror analyzer (CMA). The polycrystalline Ag samples were prepared by in situ evaporation from a tungsten filament onto a stainless-steel substrate. The base pressure in the sample chamber was '\11 x 10-9 Torr, with a maximum pressure of 2 x 10-8 during evaporation. The energy distributions of the photoemitted electrons were analyzed by operating the CMA in the retarding mode. 8 The kinetic energy of the photoelectrons is modified by a retarding (accelerating) voltage such that only those electrons are detected which have the correct pass energy (Ep) of the analyzer.
For a given Ep the resolution 6E of the CMA is fixed. The variation of the total Ag 4d intensity with photon energy was studied with an analyzer resolution of 6E = 1.6 eV, at Ep = 100 eVe High resolution VB spectra were recorded with a resolution of 6E = 0.35 eV, at Ep = 50 eV. 9 .. Among other factors that modulate I(w) is the effect of electron energy loss during transport to the surface. This effect is most important in just the energy range we have studied. However. it is difficult to assess and is probably a much weaker effect than the atomic crosssection modulation discussed below (the escape depth probably varies by a factor of 2 or less, while the atomic cross-section varies over an order of magnitude). We shall therefore consider the variation in mean escape depth to be absorbed in an "effective" cross-section variation. For the case of an angle integrated measurement on a
•
-5-polycrystalline sample the observed intensity in this approximation ;s 14 given by .. ,'
Here N(w,E) is .the photoemission energy distribution' (PED) that is usually measured in photoemission experiments (cp. Fig. 1,) . tfj(k) is a momentum matrix element for a transiti.on between an initial state j.
of energy fj(k) and a final state f of energy Ef(k). The k-integration extends over the first Brillouin zone_(BZ). From equation (1) it is seen that it is in general impossible to relate the measured quantity densities of states, respectively. To a good approximation it can 2 usua lly be assumed that I t fj I and N f are only vJeakly energy dependent over the range of integration, i.e., over the width of the valence -6- band (~3 eV). provided that the photon energy is sufficiently high.
Then the measured intensity is directly proportional to the photoionization cross section (3) Here E f = E. + hw, and f. is taken to be the center of the 4d valence In the context of the present paper the curve shown in Fig. 3 is of interest for yet another reason, namely, for its effect on the detailed shape of the VB spectrum (Fig. 1) . In particular, we focus our attention on the changes in the energy range 90 eV ~ hw ~ 150 eV.
At these photon energies "band-structure-type" cross section effects are expectftd to be weak 3 and may therefore be exc1 uded as being responsible for the observed inversion of peak intens;tes for 110 ~ hw ~ 130 eV. On the other hand, the curve shown in Fig. 3 exhibits its largest slope exactly in this latter energy range. As is seen from equation (3) this curve describes in gqod approximation the dependence of the 4d cross section on the final state kinetic
20 Earlier, in discussing the energy integrated quantity I(w) we neglected the dependence of t fj and N f on E j (equation (3)) by introducing an averaged value E j . For the energy resolved PEDis taken at a fixed hw the curve in Fig. 3 (Fig. 1) .21 Thus in this energy range the effect of the radial matrix element 17 on the detailed shape of the valence band is not negligible. Neglecting "band-structure-type" cross section effects
.
the PED at a given photon energy is described by the close relationship is apparent.
We conclude that in the case of polycrystalline silver, even with all the averaging effects that are implied by polycrystallinity and angle-integrated electron detection in our CMA, the transition from a UPS-like to an XPS-like 4d-band spectrum is not complete (5) . The solid line is the density of (initial) states. The dashed curve takes the cross-section dependence on the final state energy E f = hw + E j into account (Fig. (3) ) and corresponds to hw = 120 eV. 
